In order to improve the fuel economy of four-wheel drive hybrid electric vehicle, equivalent consumption minimum strategy of fuel control for four-wheel drive hybrid electric vehicle is proposed based on the Pontryagin's minimum principle. The vehicle dynamics model is constructed, and the instantaneous energy management optimization strategy based on equivalent consumption minimum strategy is designed. MATLAB/Simulink simulation platform is used to verify the proposed energy management strategy. The simulation results show that the proposed strategy can realize the energy optimization management of the whole vehicle. Compared with the dynamic programming energy management strategy, the average fuel economy of the strategy is higher by 6.23% under typical operating conditions. 
Introduction
While improving people's lives, vehicles also cause a great increase in traffic energy consumption and aggravation of environmental pollution. Low energy consumption and low emission become the main trend of vehicles industry development. Hybrid electric vehicles (HEV) are vehicles equipped with two or more power sources, for example, the most widely used vehicle today is a hybrid powered by an internal combustion engine and electric motor. It has the advantages of both conventional and purely electric vehicles. Through optimization and coordination of different energy sources, it can effectively reduce fuel consumption and exhaust emissions compared with the traditional vehicles. HEV energy management strategy is the basis of good performance of vehicles. As vehicles are random when driving on the road and drivers have different driving characteristics, so the HEV is a time-varying and complex nonlinear dynamics system. Scholars have conducted extensive and indepth research on it, dynamic programming [1] [2] [3] [4] [5] , fuzzy logic control [6] [7] [8] [9] [10] , genetic algorithm [11] [12] [13] [14] , ECMS [15] [16] [17] [18] , model predictive control [19] [20] [21] , rule-based control [22] [23] [24] . In the control method based on optimization, the theoretical global optimal solution can be obtained by the dynamic programming, but its program structure is complex, and the online optimization needs to combine with the model predictive algorithm to obtain the cycle conditions.The rule-based control method has been applied in industrialization, and it has good real-time performance and low development cost. However, this method does not have good adaptability of working conditions, and relies on expert experience. Fuzzy logic rule has good robustness and easily to realize nonlinear control, but it requires expert experience and great human influence. In order to solve the above problems, an energy management strategy based on ECMS algorithm optimization and penalty function parameters is proposed in this paper.
The paper is organized as follows. In Section 2, the model is constructed. In Section 3, we explain the ECMS algorithm used to solve the energy management problem. In Section 4,a comparative simulation analysis of the dynamic programming and equivalent fuel consumption minimization optimization energy management control strategy is presented, the results are presented and discussed. Finally, in Section 5, we state our conclusions.
Model construction
The structure diagram of the four-wheel drive hybrid vehicle is shown in figure 1 , including the engine, The engine numerical model is constructed by the engine steady-state test data, and it mainly includes the fuel consumption numerical model, torque numerical model and efficiency numerical model. Engine thermal efficiency is an important index to evaluate the engine performance, with the following formula 
Battery model
This paper ignores the complex electrochemical reactions inside the battery, the equivalent internal resistance model is used to describe the performance of the battery, simplifies the battery pack to an ideal voltage source and resistance in series, which is shown in figure 2. 
Where,
C is the maximum capacity of the battery.
Transmission model
The automatic transmission model is represented by the following formula 
Hydraulic torque converter model
Pump and turbine torque are functions of the engine and turbine speed. 
Motor model
The ISG motor and the rear-drive motor are permanent magnet synchronous alternating current motor, and the dynamic torque can be expressed as the response of the second-order system. 
Vehicle dynamics model
When analyzes the vehicle model, this paper only analyzes the longitudinal forces of the vehicle, it does not involve the vehicle vibration and handling stability. The forces exerted on the vehicle during driving includes slope resistance, rolling friction resistance, inertia resistance and air resistance. And the dynamic equation of the vehicle is as follows 
Energy management based on ECMS algorithm
The equivalent fuel consumption minimization energy management strategy is a transient optimization strategy which does not depend on the information of cycle conditions or future path, That is, the sum of the actual fuel consumption of the engine and the equivalent fuel consumption of the motor at each time t are minimized. Since the pure equivalent fuel consumption minimization energy management strategy can not effectively maintain the battery's SOC, the penalty function To obtain optimal control variables b P , the following performance indicator is defined as follows
The Hamiltonian equation is defined as follows
x t u t pf x t u t  (17)
The state equation and the common state equation are as follows
Hf pp xx
The optimal control variable
bb H SOC P p t H SOC P p t 
And satisfies
The minimum principle solution flow chart is shown in figure 3 . 
Verification by simulation analysis
To verify the effectiveness of the proposed energy management strategy, this paper adopts the new European driving cycle. When the initial value of SOC is 0.7, dynamic programming energy management strategy and equivalent fuel consumption minimization optimization energy management control strategy are compared.
Figure 4
Fuel consumption curve
As can be seen from figure 4, for the selected typical working conditions, the fuel consumption of the 
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Copyright © by ICEIV dynamic programming method is 3.05L, and the fuel consumption of 100km is 5.35L. The fuel consumption of the energy management strategy adopted in this paper is 2.78 L, the fuel consumption of 100km is 4.86 L, the fuel consumption is declined by 6.23%. The engine starts frequently with the dynamic programming energy management strategy, high speed after starting, and the time is short. The equivalent fuel consumption energy management control strategy adjusts the start and stop time of the engine, driven by the battery first. It can control the range of the battery's SOC well, keep it in an efficient zone. The power distribution of hybrid electric vehicles can be adjusted according to the driving conditions. When the SOC is low, starts the engine to drive the vehicle, avoids starting the engine at low drive power demand, so it reduces the fuel consumption. 
Conclusion
For energy management strategy optimization is one of the core technologies of four-wheel drive hybrid vehicles, ECMS algorithm is applied in this paper, and this method is combined with the optimization strategy of Pontryagin's minimum principle, and an energy management strategy optimization of four-wheel drive hybrid vehicles based on ECMS algorithm is proposed. The mathematical model is constructed, SOC is the state variable and the battery's power is the control variable. The simulation results show that, compared to the energy management strategy based on dynamic programming, better fuel economy is gained by the proposed control strategy. The battery SOC changes more smoothly and is better maintained in the efficient zone with the penalty function.The power distribution between ISG motor and engine is better coordinated. It reduces the overall fuel consumption of the vehicle effectively, and achieves optimal energy management of hybrid electric vehicles, which provides a design idea for real-time energy management and control of hybrid electric vehicles. Compared with the dynamic programming energy management strategy, the average fuel economy of the strategy is higher by 6.23% under typical operating conditions.
